these studies, a heat flux divergence is found, associated with bottom water flowing horizontally into a basin at a colder average temperature than it leaves by upwelling across isotherms. This divergence is presumed to be balanced by downward turbulent diffusion, with the requisite heat flux commonly expressed as a vertical diffusivity (K) multiplied by the mean vertical temperature gradient averaged horizontally over the basin. 5. M. C. Gregg, J. Geophys. Res. 94, 9686 (1989); K. L. Polzin et al. J. Phys. Oceanogr. 25, 306 (1995). 6. J. R. Ledwell, A. J. Watson, C. S. Law, Nature 364, 701 (1993). 7. M. C. Gregg, J. Phys. Oceanogr. 7, 436 (1977); J. N.
heat budget of Hogg et al. at somewhat warmer bounding temperature for which we have more microstructure observations could address this. Third, there may be regional variation in the intensity of the mixing above rough bathymetry due to changes in the small-scale bottom roughness, near-bottom currents, and stratification, all of which affect the generation of internal waves. 22. K. L. Polzin et al. Nature 380, 54 (1996) . 23. 4 is the potential density referenced to 4000 dbar. 24. Including the flow across the Santos Plateau and Hunter Channel, K. G. Speer and W. Zenk [J. Phys. Oceanogr. 23, 2667 (1993) ] obtained a somewhat larger transport of about 5 ϫ 10 6 m 3 s Ϫ1 . 25. H. Mercier and K. Speer, in preparation. 26. M. Hall, personal communication. 27 . The diapycnal velocity w* was estimated as ϳ0.25 N Ϫ2 ⌬/⌬z over a 100-m interval about the 0.8°C potential isotherm. The neglected terms in this equation (set in a coordinate system aligned with the density field) associated with nonlinearities in the seawater equation of state that cause densification of water on mixing [ T. McDougall, in Proceedings of Hawaiian Winter Workshop, SOEST Special Publication, 13 to 19 January 1991 (Univ. of Hawaii at Manoa, 1991 only exacerbate the problem with the mass budget closure. 28. Equivalently, in the vertical, our estimates of (K ‫ץ‬ z ) peak about the crests of the MAR spurs and decrease with still greater depth within the canyons. 29. With a flat bottom and uniform stratification, the flow would be zonal. However, basin-scale bottom-depth variations [Speer and Zenk (24) ] and eddy-driven horizontal recirculations extending from the western boundary [M. A. Spall, J. Mar. Res. 52, 1051 (1994 ] may strongly distort this interior circulation from simple zonal flow. 30. C. Wunsch, Deep-Sea Res. 17, 293 (1970) ; L. Thompson and G. C. Johnson, ibid. 43, 193 (1996) A series of sunlight-irradiated, smog-chamber experiments confirmed that the atmospheric organic aerosol formation potential of whole gasoline vapor can be accounted for solely in terms of the aromatic fraction of the fuel. The total amount of secondary organic aerosol produced from the atmospheric oxidation of whole gasoline vapor can be represented as the sum of the contributions of the individual aromatic molecular constituents of the fuel. The urban atmospheric, anthropogenic hydrocarbon profile is approximated well by evaporated whole gasoline, and thus these results suggest that it is possible to model atmospheric secondary organic aerosol formation.
Several recent epidemiologic studies have consistently reported increased daily mortality associated with exposure to fine particulate air pollution (1, 2) . An important contribution to the atmospheric fine particulate burden, especially during severe urban smog episodes, is secondary organic aerosol (SOA) (3) . Like ozone (O 3 ), SOA is formed from the atmospheric oxidation of organic compounds. Whereas the oxidation of most hydrocarbons contributes to O 3 formation, SOA is generally formed only from the oxidation of hydrocarbon molecules containing seven or more carbon atoms (4) . To form SOA, oxidation products must have vapor pressures that are sufficiently low to enable them to partition into the particulate phase.
In an effort to achieve urban and regional O 3 abatement through the reduction of mass emissions of nonmethane hydrocarbons, the 1990 amendments to the U.S. Clean Air Act mandate the use of reformulated gasoline in motor vehicles. Several recent studies have suggested that a more effective approach to controlling urban O 3 associated with emissions from gasoline usage is to target the emissions of specific fuel components, rather than total nonmethane hydrocarbons, because of the extreme differences in the O 3 -forming potential of the hundreds of individual compounds that constitute gasoline (5) . Considering the common link between urban O 3 formation and SOA formation, this approach may also be an effective way to control SOA formation associated with emissions from gasoline usage. Organic aerosol formation potentials depend on two factors: reactivity of the parent compound and volatility of the product species. The reactivity of the parent species can be directly measured by reaction rate constants. However, because atmospheric chemical reaction pathways for large hydrocarbon molecules are complex and the re-sulting oxidation products are both numerous and difficult to quantify analytically, a more indirect measure of product volatility, the SOA yield Y, has been used. Traditionally, Y has been defined as the fraction of a reactive organic gas (ROG) that is converted to aerosol by means of atmospheric oxidation processes: Y ϭ ⌬M o /⌬ROG, that is, the total mass concentration of organic aerosol, ⌬M o , produced for a given amount of ROG reacted, ⌬ROG. Yield data have been obtained for dozens of ROGs in controlled smog chamber studies (6) (7) (8) .
The mixture of hydrocarbons that compose gasoline is representative of the atmospheric distribution of anthropogenic hydrocarbons in an urban airshed in terms of both complexity and composition (9) , and therefore, determining the atmospheric aerosol formation potential of whole gasoline vapor is of significant interest. In general, gasoline contains four classes of reactive organics-oxygenates, alkanes, alkenes, and aromatics-which vary widely in their atmospheric reactivity and in the volatility of their atmospheric oxidation products. Our hypothesis is that the atmospheric aerosol-forming potential of whole gasoline vapor can be quantitatively accounted for in terms of the aromatic content of the fuel.
The outdoor smog chamber system used in this study has been described in detail previously (10) . It consists of a 60-m 3 sealed, collapsible polytetrafluoroethylene (Teflon) bag. Experiments are performed by (i) injecting into the bag (filled with humidified clean air) appropriate concentrations of seed aerosol [(NH 4 ) 2 SO 4 , about 5,000 to 10,000 particles per cubic centimeter, an initial aerosol volume of about 5 to 10 m 3 per cubic centimeter of air), a photochemical initiator [propene, about 150 to 300 parts per billion (ppb)], NO and NO 2 , and the single hydrocarbon or hydrocarbon mixture of choice and then (ii) allowing the mixture to react under sunlight for 6 to 8 hours (11) . During the course of the experiment, the concentration of each ROG species is either measured with the use of gas chromatography or is calculated on the basis of relative rates of reaction, in order to determine ⌬ROG. Particle number and size are measured continuously throughout the experiment by scanning electrical mobility spectrometers to determine ⌬M o (7, 12) .
Because the oxidation products responsible for forming SOA are semivolatile and partition themselves between the gas and absorbing organic aerosol phases (10, 13) , SOA yields for individual ROGs (Y) are a function of M o . This dependence is represented by (10)
where ␣ i and K om,i are the mass-based stoichiometric coefficient and absorption equilibrium partitioning coefficient of product i, respectively (14). Yield data for individual hydrocarbons can be fit well using Eq. 1 assuming a two-product model (that is, by choosing appropriate values for ␣ 1 , ␣ 2 , K om,1 , and K om,2 ) (10). Organic aerosol yields were measured as a function of ⌬M o for 17 aromatic species that represent the predominant mass fraction of aromatics present in gasoline (Fig. 1) . Most of the data can be fit with only two curves. Curve 1 corresponds to propylbenzene and to those species having one or fewer methyl substituents plus one or fewer ethyl substituents, and curve 2 fits species that contain two or more methyl substituents. Curves 3 and 4 fit the only diethylbenzene and methyl-n-propylbenzene species that were studied. There is little variation of the yield for different isomers. For example, o-, m-, and p-xylene all exhibit yields that are described by the same curve. It is likely that parent species that are sufficiently similar in nature generate, upon photooxidation, semivolatile products that have similar gasaerosol partitioning behavior.
From yield curves for individual parent hydrocarbons, like those shown in Fig. 1 , one can account for the aerosol that is formed from the oxidation of a mixture of two species as the sum of the yields of the individual parent species present in the mixture (10) . To ensure that the aerosol formed in a more complex mixture could be accounted for in such a manner, we performed an experiment in which a mixture of five different aromatic species (toluene, m-xylene, m-ethyltoluene, propylbenzene, and 1,2,4-trimethylbenzene) was photooxidized. The total organic aerosol concentration produced in the chamber was 28 g m
Ϫ3
. Using the curves from Fig. 1 , an appropriate yield value (Y i ) for each of the five aromatics, corresponding to a total organic aerosol mass concentration ⌬M o ϭ 28 g m
, is obtained, and each value is multiplied by the respective reacted ROG con- Table 1 . Estimation of the contributions by individual species to the SOA formed from the photooxidation of a five-hydrocarbon mixture. Values of yield Y are taken from the curves shown in Fig. 1 at a , which is very close to the observed value of 28 g m Ϫ3 (Table 1) . Thus, by using SOA yields for the individual ROGs in conjunction with Eq. 1, one can account for the aerosol that is produced from the oxidation of the mixture.
We performed 20 smog chamber experiments with 12 different reformulated gasolines obtained from the Auto/Oil Air Quality Improvement Research Program (AQIRP) (Table 2) (15) . Molecular speciation of the AQIRP fuels was used to calculate the reacted amount of each ROG (⌬ROG i ) in the fuel mixture (16). We accomplished this procedure by quantifying the initial concentration of six to eight calibrated species present in each fuel using gas chromatography. Knowing the initial concentrations of these species, on the basis of the relative mass fractions of all the components in the fuel, we could calculate the initial concentration of every other species present. During the course of each experiment, the concentration time profiles of each of the calibrated species were measured and used along with their hydroxyl radical (OH) rate constants to determine the concentration time profile of OH in the chamber (17). Typical OH concentrations were 10 6 molecules per cubic centimeter. This information, together with measured O 3 concentrations and the OH and O 3 rate constants for all other species, allowed us to determine the reacted amount of each species present in the fuel mixture during the course of an experiment.
The results of these experiments strongly support the hypothesis that aromatics play the predominant role in SOA formation associated with atmospheric oxidation of unburned gasoline. Plotting the ratio of the total SOA concentration produced from a given fuel to the reacted concentration of a fuel's aromatic constituents (⌬M o /⌬aromat-ic) versus ⌬M o (18) (Fig. 2) , we see that points for all fuels other than RF-L fall within the range specified by the yield curves that describe the majority of SOA yields from the individual aromatic studies (curves 1 and 2 from Fig. 1) (19) . If significant amounts of the SOA that was produced originated from species other than the aromatics, then most points would lie above the envelope specified by these two curves.
Using the curves for the 17 species shown in Fig. 1 , and assuming that all isomers of a given compound behave similarly, we obtained yield curves for 19 of the 26 aromatics speciated in Phase I of the AQIRP study. These 19 species represented, on average, 96% of ⌬aromatic for all fuels other than RF-A and RF-L. Of the 57 speciated aromatic compounds for the AQIRP Phase II fuels, yield curves were available for 28, representing, on average, 95% of ⌬aromatic. Obtaining a yield value, corresponding to the amount of SOA formed in an individual experiment, for an individual aromatic (Y i ) and multiplying that value by the reacted amount of the respective aromatic (⌬ROG i ) produces an estimate of the amount of SOA attributable to that given aromatic species. Summing these values for all aromatics gives a quantitative estimate of the amount of SOA (⌬M o ϭ ⌺ i ⌬ROG i Y i ) that was produced by the aromatic fraction of each fuel (Fig. 3) . These results quantitatively support the hypothesis that aromatic content controls a fuel's SOA formation potential. The average ratio of the SOA concentration predicted to be formed from a fuel's aromatic constituents to the observed SOA concentration for all fuels, excluding RF-L, is 1.00 Ϯ 0.16 (1) . Thus, it is evident that aromatics dominate the process of SOA formation associated with the atmospheric oxidation of whole gasoline vapor. Given the chemical complexity of whole gasoline, the results of this study suggest that SOA formation in an urban airshed can be modeled using yield data such as those presented here. ( Table 2) . Curves 1 and 2 are taken from Fig. 1 . ⌬M o / ⌬aromatic is equivalent to the SOA yield if ⌬ar-omatic is equal to ⌬ROG. Each point represents an individual experiment. Changes in ⌬M o for an individual fuel were obtained by varying fuel initial concentrations.
Fig. 3.
Comparison between observed total SOA concentrations produced from the oxidation of whole gasoline vapor and total SOA concentrations predicted to be formed solely from the fuel's aromatic components. Table 2 . Properties of AQIRP reformulated gasolines. MTBE ϭ the fuel additive methyl tertiary butyl ether; the fuel identification code is derived from A (a) ϭ high (low) aromatics, M (m) ϭ high (low) MTBE, O (o) ϭ high (low) olefins, T (t) ϭ high (low) T 90 , RMH ϭ medium and heavy reformate cut (predominantly C 9 and C 10 aromatics), and AH ϭ heavy alkylate cut (heavy paraffins). SCIENCE ⅐ VOL. 276 ⅐ 4 APRIL 1997 ⅐ http://www.sciencemag.org to 5000 g m Ϫ3 for the individual aromatic experiments and from 2700 to 7000 g m Ϫ3 for the gasoline experiments. Concentrations of NO x (NO ϩ NO 2 ) were selected so that HC/NO x ratios typical of those in an urban environment (5 to 10 ppbC/ppb NO 2 ) were achieved. The ratio of NO/NO 2 was always set at 2. 12. Scanning electrical mobility spectrometers were used to obtain complete particle number and size distributions with a 1-min frequency. Time-dependent particle volume concentrations were calculated from these distributions. The time-dependent cumulative organic volume concentration was calculated by subtracting the volume concentration at time t (corrected for deposition) from the initial volume concentration. Total organic mass concentrations were calculated from the total cumulative organic volume concentration assuming the density of the condensed organic phase was 1 g cm Ϫ3 . 13. J. F. Pankow, Atmos. Environ. A 28, 185 (1994) . 14. Parameter K om is an equilibrium constant describing the partitioning of semivolatile organics between the vapor phase and an absorbing organic condensed phase: (22). The quality of the fit for the overall OH rate constant estimates for aromatics was improved to 30% maximum error, compared to 110% using the parameters in (22). 18. The value of ⌬aromatic was calculated by summing the reacted amount of each aromatic species in a fuel for a given experiment. The ratio of ⌬M o /⌬aro-matic is a measure of the SOA yield of a fuel in terms of its aromatic fraction only. For the individual aromatic experiments, ⌬M o /⌬aromatic ϭ Y. 19. For most fuels, 92 to 99% of the mass was speciated in AQIRP (16). Only 83% of the mass of fuel RF-L, which was the only high T 90 AQIRP Phase I fuel used in this study, was speciated in AQIRP (23). Much of the remaining 17% of the mass of this fuel is most likely heavy aromatic species that contribute to the SOA formed from the oxidation of this fuel. Because this 17% was not speciated, ⌬aromatic for this fuel is most likely underestimated, explaining why this fuel does not fall within the envelope as all other fuels specified by curves 1 and 2 ( Fig. 2) . 20. R. Atkinson, J. Phys. Chem. Ref. Data Monogr. 2 (1994 Paraffins, particularly methane and light alkanes, constitute an abundant yet lowvalue fossil feedstock. Light alkanes would be very valuable if they could be transformed into higher molecular weight hydrocarbons (1); this represents a continuing scientific challenge (2) . Here, we report observations of a catalytic reaction that we designate "metathesis of alkanes" and which, to our knowledge, has not previously been reported (3) . The metathesis reaction proceeds by both the cleavage and the formation of the C-C bonds of acyclic alkanes, which are transformed into a mixture of higher and lower homologs. It was observed in the presence of various silica-supported metal-hydride catalysts, particularly tantalum hydride (4), all prepared by the surface organometallic chemistry route (5, 6) . Metathesis reactions of alkenes and alkynes, discovered a few decades ago, are now well documented and understood and are used in several industrial chemical processes. In contrast to the metathesis of alkenes (7) or alkynes (8) , for which the cleavage of the molecule occurs selectively at the C¢C or C §C bond, the metathesis of acyclic alkanes seems to involve, at least to some extent, the reaction of all C-C bonds. Thus, the reaction, even if it is selective in terms of the formation and cleavage of C-C bonds, is not restricted to the formation of the first higher and lower homologs but also can yield the next several higher and lower ones. The metathesis of acyclic olefins is hindered by thermodynamic limitations; such a reaction is close to thermoneutrality for most alkanes (9) . We recently reported that the reaction of Ta(-CH 2 CMe 3 ) 3 (¢CHCMe 3 ) (Me, methyl) (10) with the surface hydroxyl groups of a dehydroxylated silica (11) leads to the formation of a mixture of two species: ( §Si-O-) Ta(-CH 2 CMe 3 ) 2 (¢CHCMe 3 ) (ϳ65%) and ( §Si-O-) 2 Ta(-CH 2 CMe 3 )(¢CHCMe 3 ) (ϳ35%) (12). Treatment of these two surface complexes under hydrogen at 150°C overnight yields mainly a surface tantalum (III) monohydride, ( §Si-O-Si §)( §Si-O-) 2 Ta-H ([Ta] s -H), which has been fully characterized by infrared spectroscopy, extended x-ray absorption fine structure (EXAFS) analysis, microanalysis, and quantitative chemical reactions (4) .
When [Ta] s -H was contacted at room temperature with a cyclic alkane (4, 13) , no catalytic reaction occurred. Only a C-H 
